Classic findings have demonstrated an important role for sex steroids as regulators of aggression, but this relationship is lacking within some environmental contexts. In mammals and birds, the adrenal androgen dehydroepiandrosterone (DHEA), a non-gonadal precursor of biologically active steroids, has been linked to aggression. Although females, like males, use aggression when competing for limited resources, the mechanisms underlying female aggression remain understudied. Here, we propose a previously undescribed endocrine mechanism regulating female aggression via direct action of the pineal hormone melatonin on adrenal androgens. We examined this in a solitary hamster species, Phodopus sungorus, in which both sexes are highly territorial across the seasons, and display increased aggression concomitant with decreased serum levels of sex steroids in short 'winter-like' days. Short-but not long-day females had increased adrenal DHEA responsiveness co-occurring with morphological changes in the adrenal gland. Further, serum DHEA and total adrenal DHEA content were elevated in short days. Lastly, melatonin increased DHEA and aggression and stimulated DHEA release from cultured adrenals. Collectively, these findings demonstrate that DHEA is a key peripheral regulator of aggression and that melatonin coordinates a 'seasonal switch' from gonadal to adrenal regulation of aggression by direct action on the adrenal glands.
Background
Among the vast array of social behaviours, one of the most important is aggression. Aggression is a complex behaviour displayed by virtually all organisms and serves a wide range of adaptive functions in both sexes, including acquisition and maintenance of limited resources such as food or mates [1, 2] . Appropriate displays of aggression require integration of both environmental and physiological factors. At a mechanistic level, steroid hormones mediate the expression of aggression across environmental contexts. Numerous studies have demonstrated a positive relationship between gonadal steroids, particularly testosterone (T), and aggression in males and females of many vertebrates, including birds, lizards and mammals (e.g. [3] [4] [5] [6] ). Traditionally, these studies have focused on males in reproductive condition, often in laboratory animals such as rats and mice (reviewed in [7] ). When both males and females of seasonally breeding species are examined, noteworthy alternatives to the well-established connection between gonadal steroids and breeding aggression emerge [7, 8] . It is becoming increasingly clear that steroid hormones in addition to T may play important roles in the regulation of aggression in both males and females [9] [10] [11] [12] [13] [14] [15] [16] .
Consistent with the general hypothesis of a lack of a positive relationship between gonadal steroids and aggression, we have previously shown that male and female Siberian hamsters (Phodopus sungorus) housed in short 'winter-like' days undergo gonadal regression and decreases in gonadal steroids, but marked increases in aggression compared with animals in long 'summer-like' days & 2015 The Author(s) Published by the Royal Society. All rights reserved. [17, 18] . Replacement of gonadal steroids (i.e. 17b-oestradiol; E 2 ) in short-day females (to mimic long-day levels) does not reduce aggression [18] . This lack of a relationship between gonadal steroids and aggression in short-day hamsters suggests additional neuroendocrine mechanisms regulating aggression independent of the gonads; these mechanisms, however, are less well understood in females.
Here we propose a previously undescribed endocrine mechanism regulating female aggression; changes in melatonin act directly on the adrenal glands to coordinate a 'seasonal switch' from gonadal to adrenal regulation of aggression. It is known that day length (photoperiod) is the primary cue used by mammals to coordinate seasonal changes in morphology, physiology and behaviour [19] . Further, photoperiodic information is transduced by the pineal gland into a melatonin signal, with peak concentrations of the hormone occurring during the night and basal levels occurring during the day [19] . Maintenance of animals in short days (i.e. long nights) results in a prolonged duration of melatonin secretion; the pattern of melatonin serves as the biochemical signal of day length. Short-day patterns of melatonin induce a suite of traits including gonadal regression and decreases in sex steroids. Further, melatonin receptors are distributed throughout the brain and periphery, including at the level of both the gonads and adrenal glands [19] . Melatonin links the environment with physiology and behaviour by coordinating seasonal changes in a variety of vertebrate species, including frogs, lizards, mammals and snakes ( [20] [21] [22] [23] ; reviewed in [7] ). Therefore, the endocrine mechanism described here may also regulate seasonal aggression in other species.
Many species, including birds, lizards and mammals, display decreases in aggression concurrent with decreases in reproduction during the non-breeding season [4, 5] . By contrast, in some species aggression is unchanged [3, 6, 13] or even increased [12, 17, 18] during the non-breeding season. For example, aggression persists during the non-breeding season in song sparrows, Melospiza melodia morphna [16] , and is further elevated in Siberian hamsters, P. sungorus [17, 18] . Species like song sparrows and Siberian hamsters, unlike other species where reproduction and aggression often co-occur, are ideal for addressing non-gonadal mechanisms of aggression because they display high levels of aggression that occur independently of reproduction, allowing the relationship between gonadal steroids and aggression to be uncoupled (see also [10, 11] ).
Siberian hamsters occur at low population densities (i.e. one to six individuals per km 2 ), are solitary and polygynous, displaying little paternal care [24] . Importantly, unlike most rodents where females limit aggression to pregnancy and lactation during the breeding season, female Siberian hamsters display substantial levels of aggression across both the breeding and non-breeding seasons. At an ultimate level of analysis, nonbreeding aggression might confer an evolutionary advantage when food availability is relatively low and competition for limited resources is high; food restriction increases aggression in male and female hamsters housed in an intermediate photoperiod mimicking the transition between breeding and non-breeding seasons (A. M. Bailey, N. M. Rendon and G. E. Demas 2015, unpublished results). Photoperiod-induced changes in aggression provide an ecologically relevant model of female aggression, which also has relevance for our understanding of adrenal regulation of aggression broadly.
At a proximate level of analysis, both male and female hamsters secrete significant amounts of adrenal dehydroepiandrosterone (DHEA; for similar reports in sparrows, spotted antbirds and squirrels, see [9, 13, 16] ). By contrast, rats and mice lack the specific enzyme 17a-hydroxylase necessary to synthesize and secrete adrenal androgens ( [25] , reviewed in [7, 26] ), making them an inappropriate model for the study of adrenal-derived androgens. DHEA and aggression appear positively correlated in humans [27, 28] , and individuals who are deficient in cortisol (CORT) synthesis (i.e. congenital adrenal hyperplasia) show elevated DHEA concomitant with increased aggression [29, 30] . Evidence from male hamsters suggests that changes in adrenocortical steroids regulate, at least in part, short-day aggression. Increased aggression in male hamsters treated with short-day-like melatonin is blocked by bilateral adrenalectomies (which eliminate both adrenal steroids and catecholamines), but not demedullations (which eliminate catecholamines, leaving adrenal steroids intact) [31] . Short-day aggression is also independent of both CORT levels and glucocorticoid receptor expression in male hamsters [32] . These data suggest that the adrenal gland, likely via regulation of adrenal androgens, serves as a key peripheral target tissue regulating aggression in a previously undescribed endocrine manner.
Evidence in non-mammalian systems suggests that nongonadal steroid precursors can be converted to biologically active androgens or oestrogens, and that these precursors are critical regulators of aggression [7, 8] . In song sparrows that exhibit year-round territorial aggression, DHEA serves as a critical regulator of aggression when sex steroids are low [16, 33] . These non-gonadal mechanisms of aggression are likely shared across vertebrates. Mammals, as with songbirds, may also regulate aggression through adrenal DHEA metabolism when circulating sex steroids are relatively unavailable [7] . In this study, we examined regulation of aggression in highly territorial female Siberian hamsters by examining the effects of photoperiod and melatonin on peripheral target tissues, specifically adrenal gland morphology and DHEA responsiveness, and gonadal and adrenal release of DHEA. We hypothesized that short-day females would be more aggressive, mount a more robust DHEA response, and display discrete, layer-specific increases in adrenocortical tissue (specifically in the zona reticularis, the predominant site of DHEA release) compared with long-day females. We further hypothesized that melatonin serves as the endocrine switch mediating adrenal regulation of aggression, and that in vivo and in vitro melatonin would increase adrenal DHEA release, and stimulate increased aggression in vivo, mimicking patterns observed in short days.
Material and methods (a) Animal housing
Subjects were adult (more than 60 days of age) female Siberian hamsters (P. sungorus) from a colony maintained at Indiana University. Hamsters were bred and housed under long days (16 L : 8 D h), group-housed at weaning and given ad libitum access to water and laboratory chow (Lab Diet 5001, PMI Nutrition). Ambient temperature was 20 + 28C, and relative humidity was 55 + 5%.
(b) Photoperiodic manipulations
Hamsters (n ¼ 129) were individually housed for a one-week acclimation under long days; a subset of hamsters were rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152080 transferred to short days (8 L : 16 D) , while the remaining hamsters were kept in long days. Long-(n ¼ 45) and short-day (n ¼ 84) animals were in these photoperiods for 10 weeks.
(c) Reproductive phenotypes
Following the 10 week photoperiodic treatment, reproductive phenotypes were determined based on a priori criteria for this species [18] . Long-day females displayed oestrous cyclicity, had functional reproductive tissue masses, no change in body mass and brown pelage. By contrast, short-day females were anoestrus or acyclic, had regressed reproductive tissues, lost more than 10% of their body mass and had white pelage. A subset of short-day animals (n ¼ 18) failed to respond to the photoperiodic treatment; these non-responders [34] were excluded from the study owing to insufficient numbers for statistical analysis.
(d) Adrenal responsiveness and behavioural testing
After photoperiodic treatment, hamsters underwent same-sex territorial aggression trials, followed by adrenocorticotropic hormone (ACTH) challenges. The pituitary hormone ACTH is the tropic hormone regulating DHEA and CORT secretion from the adrenal cortex [35] , but is not associated with the release of mineralocorticoids [35] or adrenomedullary catecholamines [36] . Therefore, using an ACTH challenge allows for direct assessment of adrenal DHEA and CORT output, without affecting changes in other adrenal hormones.
First, aggression was measured in all animals (long days, n ¼ 45; short days, n ¼ 66), using a 5 min female -female resident-intruder paradigm described previously ( [18] , electronic supplementary material). Aggression (i.e. latency to first attack (seconds), number and duration of attacks, number and duration of chases) and non-aggressive behaviour (i.e. number and duration of facial and anogenital investigations) were quantified for experimental animals. Aggression data were reduced to a composite 'aggression score', and social investigations were reduced to a composite 'investigation score' using principal component analyses (PCA), with the extracted components explaining 76.9%, and 69.2% of the total variance, respectively (electronic supplementary material, table S1). Three days following testing (to decrease the probability that behaviour would affect the ACTH challenge), animals were randomly assigned to either an ACTH injection (long days, n ¼ 27; short days, n ¼ 31) or a saline control injection (long days, n ¼ 18; short days n ¼ 35) group to assess the capacity of the adrenal glands to secrete steroids. All animals had pre-challenge samples taken at Time 0 (T0) between 4 and 6 h into the light phase. Animals were allowed 15 min to recover, and then received an intra-muscular injection of either 4 IU kg 21 synthetic ACTH (Cortrosyn, Henry Schein Animal Health, Melville, NY, USA) or a saline control. Subsequent blood samples were collected at T30 (n ¼ 40), T60 (n ¼ 35) or T120 (n ¼ 36) post-injection; two blood samples per individual. The ACTH challenge protocol, including dosage and time points, was chosen based on a protocol in squirrels [9] ; these time points reflected maximal response (T30) and a return to baseline DHEA (T120), respectively [9] .
(e) Adrenal morphology and total steroid content Adrenal glands were histologically processed using a haematoxylin and eosin (H&E) stain via previously described methods [37] . The area encompassed by each cortical layer (i.e. zona reticularis, zona glomerulosa and zona fasciculata), as well as the adrenal medulla, were quantified across photoperiods (long days, n ¼ 9; short-days, n ¼ 9). Only animals that received control injections were selected to avoid any potential confounding effects of previous ACTH administration on adrenal morphology (see electronic supplementary material). Owing to the unexpected findings related to adrenal morphology (see §3), we housed an additional group of hamsters in long (n ¼ 6) or short (n ¼ 6) days to determine total adrenal DHEA and CORT content via a modification of previously described methods ( [38] , electronic supplementary material).
(f) In vivo melatonin administration
Melatonin profiles were manipulated in an additional group of long-day female hamsters (n ¼ 24) via timed injections of melatonin using previously described methods [21, 39] . Half of the females (n ¼ 12) received daily subcutaneous injections of melatonin (15 mg day 21 (M5250; Sigma Chemical, Saint Louis, MO, USA) dissolved in a 1 : 10 ethanol: saline solution) for 10 days [21] , whereas the other half of the females (n ¼ 12) received injections of the control (i.e. ethanol : saline) solution. Injections were administered 2 h before lights out to extend the long-day pattern of endogenous melatonin secretion mimicking that seen in short days [39] . Because melatonin treatment was administered on a relatively short-term basis (i.e. 10 days), it is not sufficient to trigger gonadal regression and, unlike prolonged maintenance in short days, leaves gonadal steroids unaffected [21] . In addition, this protocol allows us to examine the influence of melatonin on adrenal steroids and behaviour during a critical transitional period between long and short days. Following melatonin treatment, reproductive phenotypes were determined, and aggression and serum DHEA were quantified. Aggression data were reduced to a composite 'aggression score' (as above) using a PCA, yielding one component explaining 86.1% of the total variance (electronic supplementary material, table S2).
(g) In vitro melatonin administration
To test the hypothesis that melatonin modulates peripheral DHEA release, we used an in vitro assay that measured the DHEA response to exogenous melatonin in adrenals and ovaries across photoperiods. We individually housed adult female hamsters (n ¼ 96), in long and short days (as above). Both long-(n ¼ 44) and short-day (n ¼ 52) animals underwent aggression trials (long days, n ¼ 44; short days, n ¼ 52, electronic supplementary material). Aggression was quantified (as above), yielding one PCA component explaining 82.1% of the total variance (electronic supplementary material, table S3).
Three days following behavioural testing (as above), adrenal glands and ovaries of long-and short-day animals were dissected and weighed within 2 h before lights off, when tissues are sensitive to exogenous melatonin [39] . For adrenal glands, one-quarter of the samples in culture were treated with ACTH (0.4 IU ACTH; long days, n ¼ 11; short days, n ¼ 12) to stimulate DHEA release, a quarter of the samples received melatonin (450 mM melatonin; long days, n ¼ 11; short days, n ¼ 13) to determine whether direct action of melatonin stimulated DHEA release, a quarter of the samples received both ACTH and melatonin (0.4 IU ACTH þ 450 mM melatonin; long days, n ¼ 11; short days, n ¼ 12) to determine whether melatonin enhances the DHEA response, and the remaining samples received a control solution (Krebs-Ringer Solution with 0.01 M glucose and 1% albumin; long days, n ¼ 11; short days, n ¼ 11) in place of both ACTH and melatonin. Subsets of ovaries from both photoperiods were treated with either melatonin (450 mM melatonin; long days, n ¼ 9; short days, n ¼ 9) or a control solution (Krebs-Ringer Solution with 0.01 M glucose and 1% albumin; long days, n ¼ 9; short days, n ¼ 7). DHEA was measured from the liquid media of cultured glands. The in vitro assay protocol, including dosage and time points, was chosen based on slight modifications of a previous protocol ( [40] ; electronic supplementary material). Serum DHEA and CORT, DHEA and CORT content from adrenal gland homogenates, and DHEA in media were quantified using commercially available enzyme immunoassays (electronic supplementary material). Tissues were collected at the end of each experiment at necropsy.
(i) Statistical analyses
Statistical analyses were performed in JMP v. 11.0.0 (SAS Institute, Inc., Cary, NC, USA), and statistical significance was reported if p , 0.05. If parametric statistical tests were used, data were transformed to attain normality and homogeneity of variances. Two-tailed t-tests were used to compare physiological and behavioural changes that occurred between long-and short-day animals or to compare melatonin-induced changes in long-day melatoninand control-treated females. A Mann-Whitney U test was used to compare aggression scores and investigation scores across photoperiods. Repeated-measures ANOVAs were used to compare pre-and post-challenge levels of hormones with pair-wise comparisons conducted using two-tailed t-tests. Spearman's rank correlations were run on pre-and post-levels of DHEA and CORT at T30 in females that received ACTH. P-values for these correlations were Bonferroni corrected to account for multiple comparisons. A two-way ANOVA was used to examine the photoperiodic effects on area of adrenal layer, and to examine photoperiodic effects on in vitro DHEA release. Tukey's highlysignificant difference (HSD) post-hoc analyses were used to examine pair-wise comparisons. figure 5c ). ACTH increased DHEA release from adrenal glands in both photoperiods when compared with control groups (treatment: F 3,84 ¼ 18.36; p , 0.0001). Melatonin alone increased DHEA release from adrenal glands in short-day, but not long-day females; the melatonin-induced DHEA release from adrenal glands was elevated when compared with the ACTH-induced DHEA release from adrenal glands (photo Â treatment: F 3,84 ¼ 4.14; p ¼ 0.009; figure 5c ). For short-day females, the melatonin-induced increase in DHEA release was statistically indistinguishable from melatonin given in combination with ACTH. Melatonin alone also increased gonadal DHEA release from both photoperiods when compared to control groups (treatment: F 1,30 ¼ 74.93; p , 0.0001; figure 5c ). In sum, short-day females displayed increased adrenal DHEA release, whereas long-day females displayed increased gonadal DHEA release.
Results (a) Reproductive phenotypes and behaviour

(d) Adrenal morphology
Discussion
Here, we provide empirical support for the hypothesis of a seasonal switch from gonadal to adrenal regulation of aggression in female hamsters. We demonstrate for the first time that short-day females display elevated aggression concomitant with a DHEA-specific increase in adrenal responsiveness. Increased DHEA following an ACTH challenge was short-day specific; DHEA, but not CORT response predicted aggression. Commensurate with changes in physiology and behaviour, we showed a layer-specific morphological change in the adrenal gland, with substantially smaller zonae reticulara in short-compared with long-day females, but no differences in other adrenal layers. Further, adrenal DHEA but not CORT content was elevated in short-day females, consistent with photoperiodic changes in DHEA output. Lastly, we isolated the effects of photoperiod versus melatonin using in vivo and in vitro approaches. In vivo melatonin increased aggression as well as circulating DHEA independent of changes of photoperiod and reproductive physiology. Short-day adrenals treated with in vitro melatonin had increased DHEA but decreased gonadal DHEA release; long-day gonads displayed the opposite effect. These findings support the hypothesis of a seasonal switch rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152080 from gonadal to adrenal regulation of steroid hormones and implicate a previously undescribed non-gonadal mechanism regulating seasonal aggression. Further, these findings demonstrate a key role of melatonin in regulating both peripheral androgens and aggression in females; this is the first finding of a direct action of melatonin on adrenal DHEA release. This peripheral mechanism provides an alternative to the previously described actions of gonadal steroids acting on the brain to regulate behaviour [17, 18] , and described actions of DHEA regulating aggression [7, 16, 33, 41] . From a comparative perspective, this seasonal mechanism may also regulate aggression in other vertebrate species, including frogs, lizards, mammals and snakes, where melatonin also facilitates seasonal changes ( [20] [21] [22] [23] ; reviewed in [7] ).
A key finding in our study is that short-day females displayed high aggression along with significant DHEAspecific increases in adrenal responsiveness. By using an ACTH challenge, we examined the roles of DHEA and CORT in regulating aggression. We report significant increases in CORT in both long-and short-day females. DHEA, by contrast, was significantly elevated, but only in short-day females; longday hamsters showed no appreciable increase in this hormone. The robust response of ACTH-induced CORT secretion across photoperiods shows that females were sensitive to ACTH at the dose used. Further, short-day females have increased adrenal responsiveness that is specific to DHEA, whereas there is a lack of a DHEA response in long-day animals. Unlike baseline levels, post-challenge levels of DHEA, but not CORT, were positively associated with short-day levels of aggression, suggesting that this short-day specific increase in adrenal responsiveness accounts for the observed increased aggression.
Another key finding of this study is the marked photoperiodic changes in adrenocortical zonation, specifically decreased zona reticularis, in short-compared with longday females. There were no photoperiodic changes in either the zona glomerulosa (the site of adrenal mineralocorticoid synthesis) or zona fasciculata (glucocorticoid synthesis) within the adrenal cortex, or the adrenal medulla (catecholamine synthesis), indicating that the changes in adrenal morphology are specific to the zona reticularis, the predominant androgen-secreting layer of the adrenal (homologous in humans and non-human primates). Although we predicted increased zona reticularis area as a potential mechanism to explain increased DHEA output in short days, we found the opposite. Despite this seemingly counterintuitive finding, we showed that total adrenal DHEA content was increased in short compared with long days, suggesting that total area may not be an accurate measure of steroid metabolism and secretion (see also [42] ). Decreased zonae reticulara, but increased total adrenal DHEA content, strongly suggests that cells in the short-day reticularis may be more efficient at synthesizing DHEA, likely reflecting changes in DHEA output. Future studies will address the molecular mechanisms of the adrenal gland, and characterize adrenal cell In vitro DHEA response to melatonin (bars with no patterning, ovarian: long days, n ¼ 9, short days, n ¼ 9; adrenal: long days, n ¼ 11, short days, n ¼ 13) or controls (bars with stippling, ovarian: long days, n ¼ 9, short days, n ¼ 7; adrenal: long days, n ¼ 11, short days, n ¼ 11). Bar heights represent means + s.e.m. Means with different letters are statistically significantly different (Tukey's HSD, p , 0.05).
rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152080 types (i.e. steroidogenic versus non-steroidogenic) to establish the precise role of these cells in steroid metabolism (reviewed in [35] ; but see [43] ). We tested the role of melatonin independent of photoperiod-induced changes in reproductive physiology on aggression, and our data strongly support the idea that melatonin drives seasonal changes in DHEA synthesis and aggression. Melatonin administered to long-day hamsters (i.e. to mimic short days) increased aggression, consistent with previous findings in male hamsters [21] . Exogenous melatonin also increased circulating DHEA, suggesting a direct action of melatonin on adrenal androgens in female hamsters that has not been previously reported in males. In further support of this idea, female hamsters given daily melatonin injections to mimic short-day patterns of the hormone (i.e. 'timed') showed increased aggression, increased circulating levels of DHEA, and low levels of E 2 compared with either control hamsters or hamsters injected with a melatonin profile that does not mimic short days (i.e. 'mis-timed'; N. M. Rendon and G. E. Demas 2013, unpublished results). In male hamsters where DHEA was measured before and after aggressive interactions either during the day (i.e. low melatonin) or at night (i.e. high melatonin), aggression was significantly higher at night. Further, DHEA levels decreased, but T levels increased following aggression, but only in hamsters tested during the night [15] . Aggressive encounters occurring in the presence of melatonin (e.g. during night time or in the 'timed' melatonin group) likely cause rapid increases in converting enzymes (e.g. 3b-hydroxysteroid dehydrogenase (HSD), 17b-HSD, aromatase) similar to what has been shown in songbirds [33, 41] , effectively converting prohormones to biologically active androgens, or oestrogens [7] . These data suggest that circulating melatonin likely triggers changes in aggression via metabolism of circulating DHEA to androgens and oestrogens that, in turn, act on target tissues (e.g. brain) to promote aggressive behaviour [7] . In accordance with these findings, exogenous melatonin administered to human clinical populations is associated with increased aggression [44, 45] .
Consistent with in vivo studies, we show that in vitro melatonin acts directly on the adrenal glands to stimulate DHEA release from cultured adrenal glands. Based on previous work in males, we predicted that melatonin would increase DHEA output from adrenal glands combined with ACTH, suggesting a permissive effect of melatonin on DHEA secretion [8] . The finding that melatonin acts directly on the adrenal glands, independent of ACTH, to increase DHEA secretion was unexpected, but demonstrates for the first time that melatonin acts directly on the adrenal gland in female hamsters in a way not previously reported in males. These results suggest that melatonin, like ACTH, serves as a key tropic hormone regulating both adrenal and gonadal androgens in a seasonspecific manner in females. Collectively, these data strongly suggest that melatonin acts directly on the adrenal gland to regulate a seasonal switch between gonadal and adrenal DHEA production, and thus serves as an important mechanism mediating the actions of DHEA on aggression. Taken together, DHEA is a key player in a previously undescribed, peripheral mechanism underlying seasonal changes in aggression in hamsters and likely other vertebrate species.
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